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MitochondriaIn Saccharomyces cerevisiae, cAMP/pKA pathway plays a major role in metabolism, stress resistance and pro-
liferation control. cAMP is produced by adenylate cyclase, which is activated both by Gpr1/Gpa2 system and
Ras proteins, regulated by Cdc25/Sdc25 guanine exchange factors and Ira GTPase activator proteins.
Recently, both Ras2 and Cdc25 RasGEF were reported to localize not only in plasma membrane but also in in-
ternal membranes. Here, the subcellular localization of Ras signaling complex proteins was investigated both
by ﬂuorescent tagging and by biochemical cell membrane fractionation on sucrose gradients. Although a con-
sistent minor fraction of Ras signaling complex components was found in plasma membrane during expo-
nential growth on glucose, Cdc25 appears to localize mainly on ER membranes, while Ira2 and Cyr1 are
also signiﬁcantly present on mitochondria. Moreover, PKA Tpk1 catalytic subunit overexpression induces
Ira2 protein to move from mitochondria to ER membranes. These data conﬁrm the hypothesis that different
branches of Ras signaling pathways could involve different subcellular compartments, and that relocalization
of Ras signaling complex components is subject to PKA control.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
In Saccharomyces cerevisiae, cAMP regulates PKA activity, which is
involved in post­translational regulation of a variety of proteins, for
example key enzymes for gluconeogenesis or glycolysis [1], is re-
quired for G1 to S phase progression in the cell cycle and modulates
the critical cell size required for budding and for entry into mitosis
[2]. Cyclic AMP is synthesized by Cyr1 adenylate cyclase, which is
controlled by two different systems: the G-protein-coupled receptor
system (GPCR), acting through Gpa2 G-protein [3,4], and Ras small
G protein system [5]. Ras protein activity is controlled by regulatory
proteins: Cdc25 and Sdc25 guanine nucleotide exchange factors
(GEFs) [6], which stimulate the GDP/GTP exchange on Ras, and Ira1
and Ira2 GTPase activating proteins (GAPs), which promote the in-
trinsically low Ras GTPase activity [7].
Literature data suggest that upstream components of cAMP/PKA
pathway interact to constitute a large multiprotein complex: after
detergent extraction, adenylate cyclase behaves as a large complex on
gel ﬁltration and sucrose density centrifugation [8–11]; consistently,
adenylate cyclase interacts with Ras proteins [12,13], and with Cdc25phosphate; GEF, guanine ex-
oplasmic reticulum; PKA, pro-
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l rights reserved.SH3 motif [14]; moreover, Ira1 was shown to be involved in Cyr1 asso-
ciation to membranes [8,15].
Cdc25 and Ira proteins were shown to be tightly attached to mem-
brane fraction [16,17], adenylate cyclase is only loosely bound to the
membranes, migrates in lower density internal membrane fractions
on a sucrose gradient [18] and seems to rely on Ira1 for its membrane
targeting [8,15].
Recent data have shown that mammalian Ras isoforms are
differentially distributed within cell surface nanoclusters and on
endomembranous compartments [19]. The three abundant mamma-
lian isoforms – H-Ras, N-Ras and K-Ras4B – have a high degree of se-
quence identity in their G-domain, the structural element required for
the switch function and for effector binding; the differences among the
isoform localization and function can be attributed to different post-
translational lipidmodiﬁcations that are encodedwithin their divergent
C termini. In yeast, Ras2 localization on internal membranes was also
investigated: Ras proteins are synthesized as cytosolic precursors and
then they are anchored intomembranes via post­translationalmodiﬁca-
tions;most of the Rasmodiﬁcation steps occur on the cytoplasmatic sur-
face of the endoplasmic reticulum, Ras2 is engaged to the ERmembrane
by Eri1 protein [20] and the subsequent Ras translocation from ER to
plasma membrane doesn't require the classical secretory pathway in
yeast [21,22]. Besides, recent works point to a possible role for mito-
chondria in Ras localization [23]. Moreover, we have reported that
Cdc25 and Ira1 are found not only associated with membranes, but
also in the nucleus [24,25], and active Raswas also detected in the nuclear
compartment, even if the meaning of this result is still under investiga-
tion [26]. Finally, we recently reported that PKA activity is not only able
to negatively control Cdc25 localization in the plasma membrane, but
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found to be affected by PKA activity [25,27].
Consequently, even if the complex has been initially thought to
function at the plasma membrane level, only Ras2 showed a clear,
but partial, plasma membrane localization, while no clear data are
available for the localization of the proteins involved in this pathway.
Here we demonstrate that, during exponential growth on glucose,
Ras2 signaling complex components are associated mostly to internal
membranes, in particular to ER membranes, suggesting the presence
of a large signaling complex working inside the cell rather than on
its surface, at least during exponential growth on glucose. In addition
a possible role of mitochondria in Ras signaling is reinforced by our
observation on the partial localization of both Cyr1 and even more
of Ira2 on these organelles.
2. Materials and methods
2.1. Strains and cultures
Top10 E. coli strain (Invitrogen) was grown in LB medium (1% NaCl,
1% Bacto-peptone, 0.5% yeast extract, 0.1% glucose) at 37 °C. For AmpR
selection, ampicillin was added to a ﬁnal concentration of 50 mg/L. For
solid media, 1.5% agar was added.
Yeast strains utilized in thiswork are described in Table 1. Yeast cells
were grown in YP (1% yeast extract, 2% Bacto-peptone) supplemented
with 2% w/v glucose (YPD). Yeast strains carrying a plasmid were
grown in synthetic medium (SC) containing 0.67% w/v yeast nitrogen
base w/o amino acids, CSM synthetic amino acid mixture (BIO101,
USA) required and the appropriate sugar (2% glucose or 2% galactose
with 0.1% glucose). Solid medium contained 2–2.5% agar. In all condi-
tions cellswere grown at 30 °C. Cell densitywas determined bymeasur-
ing optical density (OD600) or by Coulter Counter (Coulter Electronics
mod. Z2). Budding index (BI) was determined by direct microscopic
count of at least 300 cells ﬁxed in 4% formalin and mildly sonicated.
Cell volume distributions were determined with a Coulter Counter
Channelyzer 256 [2].
Cells starved for nutrients or for carbon source were grown in YPD
or in SC until exponential phase, then collected by ﬁltration, washed
with water, resuspended in 0.25 M MES pH 6.5 and incubated for 4 h.Table 1
Strains used in this study.
Strain Relevant genotype
W303-1A MAT a ade2-1 can1-100 his3-11,15 leu2-3,112 trp1
W303-1B MAT α ade2-1 can1-100 his3-11,15 leu2-3,112 trp1
OL568-1C W303-1A 3xHA-CDC25
RT1170 W303-1A IRA1-4xHA::KanMX6
RT1180 W303-1A IRA2-4xHA::KanMX6
YLR378C MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 SEC61-GFP
YEL036C MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ANP1-GFP:
YJL005W MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 CYR1-GFP:
YOL081W MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 IRA2-GFP::
W303-CDC25NES-eGFP W303-1A [YEpCDC25NES-eGFP]
RT1200 MAT a his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 ira2::URA3
RT1210 MAT a/α CAN1/can1-100 ADE2/ade2-1 his3Δ1/his3
ira2::URA3-(TPI prom)IRA2-GFP::Sp his5+/IRA2 trp
RT1220 MAT a/α CAN1/can1-100 ADE2/ade2-1 his3Δ1/his3
CYR1-GFP::Sp his5+/CYR1 trp1-1::YIplac204T/C SEC
RT1230 MAT a/α CAN1/can1-100 ADE2/ade2-1 his3Δ1/his3
ira2::URA3-(TPI prom)IRA2-GFP::Sp his5+/IRA2 trp
RT1240 MAT a/α CAN1/can1-100 ADE2/ade2-1 his3Δ1/his3
CYR1-GFP::Sp his5+/CYR1 trp1-1::YIplac204T/C HM
RT1211 MAT a ade2-1 his3 leu2 met15 ura3 ira2::URA3-(TP
RT1221 MAT a ade2-1 his3 leu2 met15 ura3 cyr1::CYR1-GF
W303-CDC25NES OL568-1C with 3xHA::CDC25::NES::Sphis5+
cdc25Δ YEpTPK1 W303-1A cdc25::HIS3 [YEpTPK1]2.2. Strains and plasmid construction
Strains carrying 4-HA tagged Ira1 and Ira2 were constructed
according to the method ﬁrst described by Wach et al. [28], by trans-
forming the W303-1A strain with a PCR generated cassette ampliﬁed
from pDHA plasmid [29] (kind gift from P. Coccetti, University of
Milan-Bicocca) with Pfu Turbo enzyme (Promega) using as primers:
for IRA1 cassette, IRA1HA FOR and IRA1HA REV; for IRA2 cassette,
IRA2HA FOR and IRA2HA REV (Table 2).
YIplac204T/CSec7-7xDsRed, YIplac204T/CHmg1CFP [30] and
YIplac204/TKC-DsRED-HDEL [31] were kind gifts from B. Glick
(University of Chicago, USA).
The YIplac204T/CHmg1dsRED plasmidwas obtained by substituting
the NcoI–PvuII fragment in YIplac204T/CHmg1CFP with the NcoI–HincII
fragment from pDsREDMonomer1 (Clontech).
The pYX-TPI-IRA2 plasmid was created by inserting the 506 bp
EcoRV–SalI fragment from pd46 plasmid [7] (kind gift from JF. Cannon,
University of Missouri, USA) in XhoI–SmaI digested pYX012 (Ingenius).
The plasmid was linearized with BglII and inserted at IRA2 locus in
YOL081W strain (Invitrogen) giving RT1200 strain.
Diploid RT1220 and RT1210 strainswere obtained by conjugation of
W303-1B transformed with YIplac204T/CSec7-7xDsRed respectively
with YJL005W or RT1200, diploid RT1230 and RT1240 strains were
obtained by conjugation of W303-1B transformed with YIplac204T/
CHmg1xDsRed respectively with YJL005W or RT1200. RT1211 and
RT1221 aploid strains were obtained by sporulation respectively of
RT1210 and RT1220 strains, and isolated by random spore analysis.
pYX212-EGFP-RBD-3 and YEpTPK1 plasmids were previously de-
scribed [26,32].
2.3. Cellular membrane fractionation
The method was ﬁrst described by Sidoux-Walter et al. [33], with
modiﬁcations. Cells were grown until mid-log phase (OD600 0.6–1.0)
at 30 °C in YPD medium, harvested by centrifugation at 4 °C for
10–15 min, washed with 20 ml of Cell Wash Buffer (CWB) (10 mM
Tris–HCl pH 7.5, 0.5 M sucrose, and either 2.5 mM EDTA or 2 mM
magnesium chloride, as indicated) and collected by centrifugation.
Cell pellet was weighed and frozen at −80 °C.Source
-1 ura3-1 [58]
-1 ura3-1 [58]
[59]
This work
This work
::Sp his5+ Invitrogen
: Sp his5+ Invitrogen
: Sp his5+ Invitrogen
Sp his5+ Invitrogen
[24]
-(TPI prom)IRA2-GFP::Sp his5+ This work
-11,15 leu2Δ0/leu2-3,112 met15Δ0/MET15 ura3Δ0/ura3-1
1-1::YIplac204T/C SEC7-7xDsRed/TRP1
This work
-11,15 leu2Δ0/leu2-3,112 met15Δ0/MET15 ura3Δ0/ura3-1
7-7xDsRed/TRP1
This work
-11,15 leu2Δ0/leu2-3,112 met15Δ0/MET15 ura3Δ0/ura3-1
1-1::YIplac204T/C HMG1-DsRed/TRP1
This work
-11,15 leu2Δ0/leu2-3,112 met15Δ0/MET15 ura3Δ0/ura3-1
G1-DsRed/TRP1
This work
I prom)IRA2-GFP::Sp his5+ trp1-1 This work
P::Sp his5+ trp1-1 This work
[24]
[32]
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zation Buffer (HB) (50 mM Tris–HCl pH 7.5, 0.3 M sucrose, 2.5 mg/ml
BSA, and either 5 mMEDTA and 1 mMEGTA or 2 mMmagnesium chlo-
ride, as indicated), harvested by centrifugation, resuspended in HB
(supplemented with 2 mM DTT, 1 mM PMSF, 2 μM pepstatin, Roche
EDTA-free protease inhibitor cocktail) with approximately 2 ml of buffer
per gram of cells wet-weight. Cells were disrupted with Fast-prep (Sa-
vant) in the presence of glass beads.
Extracts were clariﬁed at 13,000 rpm for 10 min, then centrifuged
at 100,000 ×g for 60 min and the supernatant was stored at −80 °C
with 20% glycerol. Pellet (Microsomal Membrane pellet or MMP)
was washed with Membrane Wash Buffer (MWB, 10 mM Tris–HCl
pH 7, 1 mM DTT, 20%, glycerol and either 1 mM EGTA or 2 mM mag-
nesium chloride, as indicated) and then centrifuged for 60 min at
100,000 ×g. Washed MMP was resuspended with 0.5 ml of MWB
and overlayed on a 11 ml-sucrose gradient, prepared in sucrose gradient
buffer (10 mMTris–HCl pH7, 1 mMDTT, and either 1 mMEDTAor 2 mM
magnesium chloride, as indicated), with the following steps: 1 ml 46%,
2 ml 50%, 2 ml 54%, 2 ml 56%, 2 ml 58%, 1.7 ml 70% sucrose. Gradients
were then centrifuged at 80,000 ×g for 17 h, and 1 ml-fractionswere col-
lected and stored at−20 °C.
Protein concentration was determined with Bio-Rad protein assay
(Bio-Rad) and proteins were separated by SDS-PAGE and visualized
by Western blot.
Several protein markers for the intracellular membranes were
used, and each fraction was tested for the presence of: Gas1, which is
post-translationally modiﬁed in ER and Golgi compartments and then
is transported to the plasmamembrane level [34], although it is present
in traces also in mitochondria and nuclear envelope [35,36]; Anp1 as a
marker for Golgi apparatus [37], Tom40 for mitochondria [38], Pho8
for vacuolar membranes [39], nucleolar protein Nop1 for nuclear mem-
branes [40] and mature Pma1 for plasma membrane [41], although it
also marginally localizes to vacuoles [36,42]. As ER marker Sec61–GFP
fusion protein was used and expressed in YLR378C strain (Invitrogen).
Protein proﬁle was analyzed by Western blot using the following anti-
bodies: goat α-Ras2 (Santa Cruz), mouse α-HA (Roche), goat α-Cyr1
(Santa Cruz), rabbit BD Living Colors antibody against eGFP protein
(BD Biosciences, Clontech), rabbit α-Gas1 (kind gift from M. Vai, Uni-
versity of Milano-Bicocca), rabbit α-Tom40 (kind gift from T. Endo,
Nagoya University, Japan), mouse α-Pma1 (Abcam), rabbit α-Anp1
(kind gift from S. Munro, MRC Lab of Molecular Biology, Cambridge,
UK), mouse α-Pho8 (kind gift from J. Winderickx, K.U. Leuven, Bel-
gium), mouseα-Nop1 (EnCor Biotechnologies). Secondary horseradish
peroxidase-conjugated antibodies were from Jackson Immunoresearch.
2.4. GDP/GTP loading on Ras2
Gradient fractions 1–5 were collected (80–100 μg) and diluted 1:2
with Shalloway buffer 2× (50 mM Hepes pH 7.5, 300 mM NaCl, 20%
glycerol, 50 mM NaF, 20 mM MgCl2, 2 mM EDTA, 2 mM Na-vanadate,
Roche EDTA-free protease inhibitor cocktail). They were incubated
with 1 mM GDP or GTP (Sigma Aldrich) at room temperature for
15 min and then Ras2-GTP/total Ras2 ratio was measured as described
by Colombo et al. [32]; brieﬂy, fractions were incubated for 1 h at 4 °C
with GST–RBD pre-bound to glutathione–Sepharose and Ras2-GTP
bound to GST–RBD protein was eluted with SDS sample buffer
(50 mM Tris–HCl pH 6.8, 2.3% SDS, 5% β-mercaptoethanol). Ras2 was
detected by Western blot using anti Ras2 antibodies (Santa Cruz
Biotechnology).
2.5. Epiﬂuorescent microscopy
Cells were grown at 30 °C in the proper selective SC medium sup-
plemented with 2% glucose to early exponential phase and images
were collected and processed as previously described [24].Cells carrying constructs expressing GFP or DsRed fusion proteins,
eventually stained with DAPI, were observed with a Nikon Eclipse
C600 ﬂuorescence microscope using standard UV, FITC and Rhoda-
mine ﬁlters. Images were acquired with a Leica DG350F CCD camera
and elaborated with MacBiophotonics ImageJ software. Panels were
mounted with Adobe Photoshop™.
2.6. Confocal microscopy
Confocal microscopy images were collected using the Leica TCS
SP2 confocal microscope equipped with an inverted Leica DMIRE2
microscope and a PL APO 63× oil immersion objective (numerical
aperture: 1.4). An average of 10 optical sections was acquired for
every single cell, and a representative single optical section is shown.
Mitochondria staining was realized with 100 nM Rhodamine B, hexyl
ester, perchlorate (Molecular Probes). Images were elaborated with
MacBiophotonics ImageJ software.
3. Results
Even if the cAMP/PKA pathway has been extensively studied, the
physiological and functional localization of Ras signaling complex
components is still in debate. No evident signals are detected by dif-
ferent prediction softwares (such as BaCelLo [43] or TargetP [44]) in
these proteins for localization in any subcellular compartment such
as ER, Golgi apparatus or mitochondria. To investigate this topic in
more details, tagging with eGFP or DsRED ﬂuorescent proteins was
performed.
Since Cdc25 was previously shown to be efﬁciently imported and
retained in the nuclear compartment [24], ﬂuorescence tagging with
eGFP was performed in the W303-1A-CDC25NES-eGFP strain, carrying
the Cdc25NES protein, a version of Cdc25 which was modiﬁed by the
insertion of a strong Nuclear Export Signal, and is therefore excluded
from the nucleus. This allowed to better observe the localization of the
protein within the cytosolic compartment, without the interference of
the intense ﬂuorescence in the nucleus observed for the wild-type
Cdc25 protein. This mutant version conﬁrmed that, as it was already
observed for the wild-type version [24], Cdc25 is not homogeneously
distributed in the cytosol: the co-localization with Hmg1DsRed (a pro-
tein localizing to ER when overexpressed) (Fig. 1A) reveals a partial
co-localization with this compartment, while a co-localization with
Sec7DsRed (a protein partially soluble and partially associated to the
Golgi vesicles [36,45]) (Fig. 1B) followed by observationwith a confocal
microscope, revealed no co-localization in any of the observed cells. The
co-staining of mitochondria with Rhodamine B (Fig. 1C) revealed only
occasional co-localization with Cdc25eGFP, suggesting that Cdc25 can-
not be observed in these compartments.
The localization of other Ras signaling complex components, Cyr1
and Ira2, was then considered. Again, these proteins were too lowly
expressed to allow direct immunoﬂuorescence observation. Both
the proteins were modiﬁed by tagging with GFP, and Ira2-GFP fusion
was slightly overexpressed (as revealed by the mild increase in the
associated ﬂuorescent signal) by inserting constitutive TPI promoter
immediately upstream the Ira2 encoding sequence. These modiﬁca-
tions allowed to observe that Ira2 showed signiﬁcant and
reproducible co-localization mainly with mitochondria, stained with
DAPI (detectable in all the observed cells), and endoplasmic reticu-
lum (ER), visualized by Hmg1 protein (detectable in 72% of the ob-
served cells), but never with the Golgi marker Sec7 (Fig. 2B). Cyr1
was also partially observed in mitochondria (co-localization with
DAPI stained mitochondria was observed in 69% of the observed
cells), but it was clearly present in an internal compartment identiﬁed
as ER (Fig. 2A) (co-localization with Hmg1DsRed ﬂuorescence was
observed in 88% of the cells observed). As well as for Cdc25, no co-
localization was observed for Cyr1-GFP fusion with the Golgi marker
Sec7 (Fig. 2B).
Fig. 1. Cdc25 protein is present on ER internal membranes. W303-CDC25NESeGFP cells
transformed either with YIplac204T/CHmg1-DsRed (expressing Hmg1-DsRED, localiz-
ing to the ER) (panel A) or with YIplac204T/CSec7-7xDsRed (expressing Sec7-DsRed,
localizing to the Golgi apparatus) (panel B), or stained with the Rhodamine B dye for
mitochondria (panel C) were observed using a ﬂuorescence (A) or a confocal (B and
C) microscope.
Fig. 2. Ira2 and Cyr1 proteins are present on mitochondrial membranes. RT1230 or
RT1210 strains (for Ira2GFP) and RT1240 or RT1220 strains (for Cyr1GFP) were ob-
served using a ﬂuorescence microscope: panel A, colocalization with ER marker
Hmg1 is shown; panel B, colocalization with Golgi marker Sec7; panel C, co-
localization with DAPI-stained nuclei and mitochondria is shown.
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fractionation assay on discontinuous sucrose gradients, followed by
the analysis of the distribution of endogenously expressed proteins,
in order to reveal any unphysiological effect on protein localization.
In fact, mislocalization of Ras was already reported, due to its over-
expression and/or ﬂuorescent tagging [23].
Brieﬂy, crude cellular membranes were layered on a 6 steps sucrose
gradient (46%, 50%, 54%, 56%, 58%, 70%) and centrifuged for 17 h at
80,000 ×g. Eleven fractions were collected from the top of the gradient
and analyzed byWestern blot. As shown in Fig. 3A, internalmembranes
were found in fractions with lower density, while plasma membrane
localized in the last fractions, consistently with previously reported
data [46].
Results obtained from cellular fractionation showed that Ras2 and
Cdc25 were mainly localized on internal membranes, while a consis-
tent but minor fraction (~10%) of these proteins was localized at the
plasma membrane level (Fig. 3B). Moreover, Cyr1 and Ira proteins
showed the same pattern in fractionation experiments, supporting
the hypothesis that the entire complex resides mostly on internalTable 2
Oligonucleotides used in this work.
Oligonucleotide Sequence
IRA1HA FOR AAGATTAGCAACAAT
IRA1HA REV GGAAAAACGTAATAA
IRA2HA FOR AATAATGACAATG AT
IRA2HA REV ATAGATATTGATATTTmembranes. Only Ras2 and Ira proteins, but not adenylate cyclase and
Cdc25, seem to reveal a concentration peak also in the lighter fractions,
likely corresponding to mitochondria, according to ﬂuorescence data,
and consistently with what was already reported for Ras2 [23].GATACTGGCAAGAATGTCGTGCTCCCGGCCGCATGGATCCTATCC
TCACTGCAATACTCTAATTTAAAAGGATGGCGGCGTTAGTATCG
TTTATCAAGGATGTCATGTTCTGCTCGGCCGCATGGATCCTATCC
CTTTCATTAGTTTATGTAACACCTGGATGGCGGCGTTAGTATCG
Fig. 3. Ras signaling complex mainly resides on internal membranes. Membranes were prepared from OL568-1C or YLR378C strain, then they were layered on sucrose gradient and
centrifuged at 80,000 ×g for 17 h. 1-ml fractions were collected from the top of the gradient. Proteins were detected by Western blot. (A) Membrane marker distribution: Sec61
(ER), Anp1 (Golgi), Gas1 (ER, Golgi and plasma membrane), Pma1 (plasma membrane), Nop1 (nucleus), Pho8 (vacuolar membrane), Tom40 (mitochondria); (B) signaling trans-
duction complex component localization. A typical distribution of the indicated proteins is shown out of at least four replicates. No differences were observed in marker distribu-
tions in different background strains.
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visualizing mature Pma1. The analysis of the amount of protein pre-
sent in the plasma membrane fractions revealed that the components
of the Ras/adenylate cyclase complex are nonetheless signiﬁcantly rep-
resented in the plasma membrane in exponentially growing cells,
showing a ratio plasma membrane/internal membranes comparable
to what was revealed for Gas1 protein, which has a complex internal
and plasmamembrane distribution [36], suggesting that in this physio-
logical condition they could exert their essential function both on inter-
nal membranes and/or on the plasma membrane.
Since Cdc25 was previously shown to be efﬁciently imported and
retained in the nuclear compartment [24], cellular fractionation was
also performed on the W303-CDC25NES strain, where Cdc25 was
modiﬁed by the insertion of a strong Nuclear Export Signal, and is
therefore excluded from the nucleus. This mutant Cdc25 protein has
a distribution in internal membrane not different from the wild type
protein (data not shown); besides, the nuclear marker, Nop1, partial-
ly overlays on the ER distribution (Fig. 3A). This suggests that on this
gradient the nuclear envelope is not distinguishable from the ER
membranes, and that the localization of Cdc25NES protein in cellular
membranes is not signiﬁcantly different from the wild-type Cdc25.
Unfortunately, the resolution of intracellular membrane compartmentsin the sucrose gradients in such conditions is too low to avoid partial
overlapping of the different fractions. In order to better resolve the
internal membranes, cellular fractionation was performed changing
buffer compositions, replacing EDTA by 2 mM MgCl2 in all solutions.
In fact, in the presence of MgCl2, the endoplasmic reticulum has been
reported to have much higher density than Golgi membranes, likely
because a Mg+-dependent association of ribosomes with rough ER
is preserved [46]. In these experimental conditions, most of the ER
membranes were localized in the last gradient fractions corresponding
to higher sucrose concentrations (Fig. 4A), dragging a minor quote of
the other cellular membranes to the bottom, too. Ras2, Cyr1, Cdc25 and
Ira proteins were also massively shifted to the bottom of the gradient,
and a minor percentage could be observed in the middle, conﬁrming
that these proteins are mainly associated with ER membranes. Ras2
and Ira proteins were still found also in low density membranes, con-
tainingmitochondrial membranes (Figs. 3B and 4B), conﬁrming previ-
ously reported data for Ras [23] and here for Ira2 (Fig. 2). The
association of a minor fraction of Cyr1 with mitochondria could not
be clearly revealed with this technique.
Both Ras2 and Cdc25 were recently reported to be affected by nu-
trient availability or by the hyper-activity of a PKA catalytic subunit,
Tpk1. In order to investigate if Cyr1 and Ira2 protein localization
Fig. 4. Ras signaling complex is mainly localized on the ER membranes. 2 mM MgCl2 replaced EDTA in all fractionation buffers. (A) Membrane marker distribution; B) signaling
transduction complex component localization.
Fig. 5. Overexpression of PKA catalytic subunit Tpk1 counteracts Ira2 localization in
mitochondria, driving it to ER membranes. Ira2 localization was observed in RT1211
(CTRL) and in RT1211 transformed with YEpTPK1 plasmid (2uTPK1), and the fraction
of cells where co-localization of Ira2-GFP and DAPI-stained mitochondria was evident
was calculated on at least 300 cells and indicated in the panel. Cells from different
microscope ﬁelds were mounted in these panels to show representative patterns ob-
served in the population.
1213F. Belotti et al. / Biochimica et Biophysica Acta 1823 (2012) 1208–1216was also sensitive to such regulation, RT1230 and RT1240 strains
were observed during exponential growth on glucose and after nutrient
starvation inMES buffer (100 mM, pH 6.5) for 4 h. No changes were ob-
served in either Cyr1 or Ira2 localization in ER membranes, where both
the proteinswere still observed in all tested conditions and in almost all
of the cells observed. Nor did nutrient starvation affect localization of
Cyr1 or Ira2 in mitochondria (data not shown).
To investigate if Cyr1 and Ira2 protein localization was sensitive to
PKA hyper-activity, RT1210 and RT1220 strains were sporulated and
the haploid strains expressing Cyr1-GFP or Ira2-GFP fusion proteins
as unique version of the protein were transformed with an episomic
plasmid (YEpTPK1) carrying TPK1 gene. Co-localization with ER mem-
branes was observed by co-transforming the strain with the YIplac204-
T/C-Hmg1DsRED plasmid, and co-localization with mitochondria with
in vivoDAPI staining. Tpk1 overexpressiondid not affect Cyr1 localization
in ER or in the mitochondria (data not shown), but while co-localization
with ER membranes was observed in all the cells expressing Ira2-GFP
protein, either carrying YEpTPK1 plasmid or not, the overexpression of
Tpk1 PKA subunit made Ira2-GFP co-localization with mitochondria
much less evident, so that it was detectable in 40% of the cells, versus
1214 F. Belotti et al. / Biochimica et Biophysica Acta 1823 (2012) 1208–1216the78% in cellswith physiological PKA activity showing evident Ira2-GFP
localization in the mitochondria (Fig. 5).
Localization of Ras signaling complex in different compartments
could be an effect of or a mechanism for feedback regulation by PKA,
and could in its turn have effects on PKA pathway activation.
In order to analyze if Cdc25 nuclear export affects PKA activity,
W303-CDC25NES strain phenotype traits related to PKA activity were
further investigated: no difference was found in glycogen accumulation
in stationary phase (data not shown) or in growth rate and percentage
of budded cells on glucose, butW303-CDC25NES strain revealed a small-
er cell size both on glucose (Fig. 6A) and on galactose (data not shown),
and a higher heat shock resistance during exponential growth on glu-
cose (Fig. 6B), which suggests a reduction in PKA activity in this strain.
This is consistent with the phenotype recently reported for a strain car-
rying a double mutation in Cdc25 coding sequence, which substitutes
Ser806 and Ser807 with glutamic acid. This mutant protein is no longer
localized in the nuclear compartment, and shows phenotype traits typ-
ical of PKA-activity down-regulation [25].
Furthermore, the physiological relevance of the localization of the
bulk of Ras signaling complex components in the ER membranes
could be related to an active role of ER membranes in Ras signaling,
or the complex could simply be inactive on ER membranes and repre-
sent a storage for Ras signaling components, where to drop them
when the signal has to be reduced. In order to address this question,
the presence of active Ras on ER membranes was analyzed by taking
advantage of a Ras-GTP speciﬁc probe based on the Ras-binding domain
of Raf-1, fused to GFP. Observation of cells expressing EGFP-RBD-3
probe and co-transformed with the YIplac204/TKC-DsRED-HDEL plas-
mid allowed to observe that during exponential growth on glucose
active Ras2 is present mainly in the nuclear compartment besides in
the plasma membrane, as previously reported [26], while an evident
localization of the probe in the ER was difﬁcult to evidence (data not
shown) suggesting that Ras2-GTP is only marginally present in ERFig. 6. Cdc25NES strain shows features associated to a down-regulation in PKA activity.
OL568-1C (W303 with 3xHA::CDC25) (heavy line) and W303-CDC25NES strain (thin
line) cells exponentially growing in YPD medium were analyzed for cell volume with
a Coulter Counter associated Channelyzer (panel A) and 104 cells were spotted on
fresh YPD medium after being exposed to 51 °C for the indicated time (panel B).membranes. However, an active signaling complex, or at least an en-
dogenous exchange activity, can be detected on internal membranes:
proteins isolated in gradient fractions 1 to 5, corresponding to internal
membranes, were incubated for 15 min either with 1 mM GDP or GTP,
and then Ras2-GTP was puriﬁed by pull-down assay and visualized by
Western blot. In all the analyzed fractions, the amount of puriﬁed
Ras2-GTP was higher in the presence of GTP than in the presence of
GDP, suggesting that an exchange activity exists on these membranes.
The guanine nucleotide exchange on Ras2 was a Cdc25-dependent pro-
cess since the GTP loading on Ras2 in a cdc25Δ YepTPK1 strain was
abolished (Fig. 7).
4. Discussion
The reported results indicate a largely intracellular localization of
Ras signaling complex: in fact, the bulk of Cyr1, Ras, Cdc25 and Ira
proteins, examined both by ﬂuorescence tagging and/or cellular frac-
tionation, co-localized with internal membranes, while only a consis-
tent but minor amount of these proteins was found associated with
the plasma membrane fractions in exponentially growing cells. More-
over, the membrane fractionation performed in the presence of MgCl2
demonstrated that these proteins are mainly associated to ER mem-
branes; only Ras2 and Ira proteins appear to be also signiﬁcantly pre-
sent in lighter membranes, likely mitochondria. This is in agreement
with ﬂuorescence tagging experiments, which in turn reveal that
also a minor fraction of Cyr1 protein is present in this last compart-
ment. A mitochondrial localization was previously reported only for
Ras2 [23], and it is consistent with the preliminary identiﬁcation of
Ira1 in the mitochondrial proteome by two distinct high-throughput
approaches [47,48], while this is the ﬁrst report stating the presence
of Cyr1 in mitochondria. None of these proteins show any consensus
for mitochondrial localization signals, so they probably associate to
the mitochondria following a non-classical pathway. Consistently, also
Ras targeting to the plasmamembrane does not require the classical se-
cretion pathway, while it requires endosomal and vacuolar membrane
fusion class C VPS proteins and mitochondrial functionality [23].
Though Ras2 localization on internal membranes is not surprising,
since it was already reported [20,27] and, trivially, enzymes required for
Ras2 post-translational modiﬁcations were found on ER membranesFig. 7. GDP/GTP exchange can be detected in internal membranes. Membranes were
extracted from YPD medium exponentially growing cells of W303-1A or cdc25Δ
YEpTPK1 strains and fractionated on a sucrose gradient. Proteins from the fractions 1
to 5 were incubated with 1 mM GDP or GTP for 15 min and then with GST–RBD
prebound to glutathione–Sepharose. Puriﬁed Ras2-GTP and total Ras2 protein were
detected by Western blot using anti Ras2 antibodies (Santa Cruz Biotechnology).
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and Ira proteins, are also localized on internal membranes suggest that
Ras2 localization could have a functional meaning and it would not
merely be linked to a post-translational modiﬁcation process. Consis-
tently, mammalian Ras isoforms, H-Ras, N-Ras and K-Ras, are found as-
sociated not only to plasma membrane but also to intracellular
membranes: many studies have shown that in other organisms Ras pro-
teins can control different pathways by acting in distinct cellular compart-
ments such as plasma membrane, endosomes, Golgi or mitochondria
[49–51]. In yeast, Ras signaling is important for several cellular pathways
(PKA activity, ﬁlamentous or invasive growth), but up-to-now no clear
evidence exists that different pools of Ras or Ras regulating proteins
could be differently involved in these different signals, beyond data
suggesting that Ras2 uses the ER as a signaling platform from which it
negatively regulates the ﬁrst step in the production of GPI-anchors for
cell surface proteins [52].
Shuttling of Ras2 and Cdc25 from plasma membrane to internal
membranes was reported to be connected to PKA activity and nutri-
tional conditions, as well as control of nuclear localization of Cdc25
[25,27], while Cyr1 protein was reported to be more soluble in mu-
tants with PKA hyper-activity [8]. Observation of ﬂuorescence tagged
Ira2 and Cyr1 proteins did not evidence any difference in cells grow-
ing on carbon sources different from glucose or after nutrient starva-
tion (data not shown), suggesting that this nutritional regulation is a
speciﬁc feature of Ras2 andCdc25 localization. Though, PKA activity is in-
volved in driving Ira2 away from the mitochondria (Fig. 5), as well as
Cdc25 out of the nucleus and both Ras2 andCdc25 away from the plasma
membrane [25]. Driving all of these proteins to the ER compartments in
case of PKA hyper-activity is expected to have a functional meaning.
Bhattacharya et al. [53] have suggested that S. cerevisiae Ras2 sig-
naling function is conﬁned to plasma membrane level, while normal
cell growth does not require Ras2 attachment to plasma membrane.
In fact, the mutant Ras2C318S, that is not palmitoylated and subse-
quently not able to bind to the plasma membrane, supports a normal
mitotic growth but fails to induce cAMP increase in response to glu-
cose. It was suggested that Ras would sense the energetic condition
within the cell [54], or the level of some glycolytic intermediates;
none of these signals requires the localization of this complex on the
plasma membrane. Anyway, the presence on the plasma membrane of
another adenylate cyclase activating complex should also be consid-
ered: it is assessed that both the activating systems, Gpr1/Gpa2 and
Ras complex, are required to cooperate for rapid response to glucose
re-addition to glucose-starved or derepressed cells, while during expo-
nential growth on glucose this is not necessary. In fact, it was reported
that PKA hyper-activation causes Ras2 relocalization from plasma
membrane to cytoplasm [27], while GPCR complex is unable to activate
adenylate cyclase in the absence of active Ras, although very small
amounts of active Ras are sufﬁcient for GPCR system to activate
glucose-induced transient cAMP spike [55]. A working model could be
that during exponential growth PKA activity is ﬁnely tuned according
to the nutritional condition by Ras complex working on internal mem-
branes, while in the absence of glucose a higher fraction of Ras proteins
and Cdc25 RasGEF are re-located to the membrane to cooperate with
GPCR system and to achieve the fast and transient cAMP signal neces-
sary to rapidly adapt to an incoming glucose availability. Accordingly,
active Ras and an exchange activity can be detected on ER membranes
during exponential growth on glucose (Fig. 7).
Mitochondrial membranes might represent another platform for
Ras signaling. Phosphorylation-induced relocalization of mammalian
K-Ras to endomembranes has been demonstrated to be associated
with induction of apoptosis [50]. In yeast, the shutdown of cAMP–
PKA signaling activity in wild-type cells involves targeting of Ras2p
to the vacuole for proteolysis. Cells lacking Whi2p function exhibit
an aberrant accumulation of activated Ras2 at the mitochondria in re-
sponse to nutritional depletion, inducing actin-mediated apoptosis as
a result of inappropriate Ras–cAMP–PKA activity [26]. Further workwill be needed to clarify if mitochondrial Ras activity is speciﬁcally re-
quired for apoptosis induction.
Moreover, nuclear localization of Cdc25, Ira1 and active Ras2 sug-
gests that nuclear compartment too could have a role in Ras signaling.
It is well-known that PKA subunits are localized in the nucleus
[56,57], and the interaction among these proteins in the nuclear com-
partment should be considered. For example, Cdc25 export from the
nucleus is controlled by PKA activity, but on the other hand the exclu-
sion of Cdc25 from the nuclear compartment is sufﬁcient to affect PKA
activation ([25] and this work).
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